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Abstract 
POSTPARTUM CERVICAL REPAIR IN MUS MUSCULUS: POTENTIAL ROLE FOR VASCULAR 
ENDOTHELIAL GROWTH FACTOR AND HYPOXIA INUCIBLE FACTOR 1 ALPHA                               
IN CERVICAL WOUND HEALING 
Robert Lee Stanley 
B.S., Appalachian State University  
M.S., Appalachian State University 
 
Chairperson: Chishimba Nathan Mowa, Ph.D. 
 Cervical remodeling (CR) is the active process where the birth canal prepares for 
parturition.  CR is divided into four distinct yet overlapping phases, with the first three phases 
taking place during gestation and parturition, whereas the fourth and final phase, postpartum 
repair, ensures proper healing and recovery of the cervix back to a non-pregnant state.  
Postpartum repair is the least studied phase of CR, and to date, this is the only study of which 
we are aware that focuses exclusively on postpartum repair.  Here, we examined the gross and 
ultra-morphological changes taking place in the cervix during the first 48h postpartum, the 
expression profiles of four key proteins: vascular endothelial growth factor (VEGF), hypoxia 
inducible factor 1 alpha (HIF-1α), and two VEGF receptors (KDR and Flt-1), and using 
quantitative proteomics, we sought to determine the genome-wide protein expression patterns 
taking place in the cervix during the least studied phase of cervical remodeling.  From these 
studies, we demonstrate 1) the cervix undergoes vast morphological changes during the first 
48h postpartum, 2) HIF-1α, VEGF, and its receptors KDR and Flt-1 are readily expressed at both 
the gene and protein levels, and 3) quantitative proteomics revealed dynamic changes in 
several cytoskeletal elements as well as immune-related proteins.    
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Foreword 
 The research described in this thesis will be submitted to Biology of Reproduction, the 
official peer-reviewed journal of the Society for the Study of Reproduction.  The in text citations 
as well as the references of this thesis have been prepared according to the style guide for the 
journal. 
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Introduction 
 The cervix undergoes marked changes during pregnancy, parturition (birth process) 
and postpartum (immediately after birth) [1]. Alterations linked to pregnancy enables the 
cervix to provide mechanical resistance to the increasing gravitational force exerted on it by the 
fetus, and thus ensures that the fetus is held in uterine [1], whereas at parturition, the cervix 
becomes malleable and dilates to allow passage of the fetus through the birth canal [2]. 
Immediately following birth, the cervix undergoes an extensive reconstruction and healing 
phase that restores it to its non-pliable and non-pregnant state [3].  Collectively, these changes 
are termed cervical remodeling [CR], which is divided into four distinct yet overlapping phases, 
namely softening, ripening, dilation, and postpartum repair [4, 5]. To date, most of the studies 
have focused on the first three phases of CR, almost to the exclusion of the fourth phase, 
postpartum repair. 
 Postpartum repair (sometimes termed reconstruction) consists of a set of complex 
biological processes that will ultimately restore the cervix to its original non-pregnant state, 
and thus ensure normal cervical function for subsequent pregnancies [1, 2].  This final phase of 
CR is generally characterized as an inflammatory and wound healing response [3, 6], as 
demonstrated by studies that utilized gene microarrays. These studies have shown that a 
variety of factors, including pro-inflammatory factors, metalloproteases, proteins involved in 
extracellular matrix (ECM) synthesis, and genes governing epithelial differentiation pathways 
are all upregulated postpartum [3, 7].  Immune cells, including neutrophils, eosinophils, and 
both M1 & M2 macrophages, have all been shown to increase postpartum compared to earlier 
phases of remodeling [1, 2, 8].  This inflammatory response could serve to promote repair of the 
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cervix after parturition and/or serve a protective role for the birth canal against environmental 
hazards, such as infection [7]. Because inflammation and wound healing are intricately linked to 
vascular events, factors that regulate this process, notably vascular endothelial growth factor 
(VEGF) [9], also likely influence postpartum cervical repair. 
 VEGF belongs to the platelet-derived growth factor family and has a variety of well 
characterized functions, including vasculogenesis, angiogenesis, and endothelial cell 
mitogenesis.  It is also a chemo-attractant for immune cells [10-13]. VEGF exerts a variety of 
biological effects in the cervix, including regulation of cell proliferation, tissue remodeling, 
induction of inflammation, cervical epithelial growth, immune cell recruitment, and CR [9, 14-
15]. VEGF exerts its biological effects and elicits cellular responses through binding to two 
receptor tyrosine kinases, termed Flt-1 and KDR/Flk-1 [12, 16].  Numerous isoforms of VEGF 
derived from alternative RNA splicing have been identified, denoted as VEGF-xxx, where xxx is 
the number of amino acids of the mature protein [17, 18]. The most abundant isoform in 
humans is VEGF-165, which corresponds to VEGF-164 in rodents.  The normal rat cervix 
expresses both receptors of VEGF (KDR and Flt-1) and three VEGF isoforms, namely 120, 164 
and 188, with 164 being the most prominently expressed [19].  
 The importance of VEGF’s role in wound healing has been well documented and 
characterized [20-23]. VEGF controls wound healing by inducing various vascular processes, 
including angiogenesis (capillary growth), vaso-permeability, recruitment of immune cells, as 
well as epithelization and collagen deposition [23], which is a hallmark of the healing response 
[2].  For instance, induction of capillary growth during wound repair helps meet the high 
demand for oxygen and nutrients, as well as removal of waste products [22]. Indeed, inhibition 
of angiogenesis impairs wound healing, demonstrating the vital role of VEGF in this (healing) 
process [20, 23]. Factors that induce VEGF expression during wound healing include growth 
factors (transforming growth factor, hepatocyte growth factor, keratinocyte growth factor, etc.), 
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pro-inflammatory cytokines (IL-1, TNF), and hypoxia (low oxygen) [13].  Cells in a hypoxic 
environment will accumulate the intracellular transcription factor hypoxia inducible factor 1 
alpha [HIF-1] which is the most potent inducer of VEGF transcription [24]. Following injury, 
VEGF is first secreted by hypoxic cells and will establish a gradient of VEGF mirroring the 
gradient of hypoxia [22].  Activated platelets and immune cells, i.e. macrophages and 
neutrophils, express Flt-1 and respond chemotactically to VEGF and will migrate towards the 
VEGF source at the site of injury and/or hypoxia [13, 23].  Macrophages and neutrophils will, in 
turn, stimulate angiogenesis by further secreting VEGF and TNF that will also stimulate VEGF 
production in keratinocytes and fibroblasts [23].  Although VEGF’s role in the cervical events 
during pregnancy has been studied, to date, no study has examined its role, if any, in 
postpartum cervical repair.    
 Given the facts that postpartum repair is characterized as a pro-inflammatory wound 
healing response [2, 3, 6], and that VEGF induces inflammation in the cervix [9] and plays roles 
in a) cervical remodeling leading up to pregnancy in rodents [14, 15], and b) general wound 
healing [13, 23], we can speculate that VEGF plays a role in the postpartum repair phase of CR.  
In this study, we sought to determine 1) the gross morphological changes of the cervix 
postpartum, 2) the expression patterns of HIF-1, VEGF, and the VEGF receptors Flt-1 and KDR, 
during the first two days of postpartum repair in mice and, 3) potential roles of these proteins 
through proteomics analysis.   
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Materials and Methods 
Animals and Postpartum Time Intervals 
 Pregnant wild type (WT) mice (C57BL6/129SvEv; Charles River, n= 3) were used for all 
the groups in the present study.  The time of the first pup noted as time 0hr and the mothers 
were sacrificed at an 8h interval, after parturition, beginning with 0h, i.e. 0, 8, 16, 24, 32, 40, and 
48h.  All animals were euthanized by a lethal injection of sodium pentobarbital (150mg/kg bw, 
i.p.) and transcardially perfused with 0.9% saline solution.  Cervices were harvested carefully 
under a stereomicroscope to avoid contamination with vaginal and uterine tissues, and the 
cervices were then processed and analyzed according to imaging, gene, and protein expression 
protocols.  All animals were housed under the following conditions: constant room 
temperature, a 12:12 light and dark cycle, and free access to water and food.  All experiments 
were performed in accordance with the Guide for the Care and Use of Laboratory Animals of 
Appalachian State University and the NIH guidelines (NIH publication number 86-23), with 
efforts made to minimize both number of animals used and animal suffering. 
 
Scanning Electron Microscopy (SEM) 
SEM was employed to observe the surface of cervical epithelia and any changes 
occurring during the postpartum period.  Harvested cervices were immediately immersed in a 
2.5% glutaraldehyde, 0.1M phosphate buffer solution (PBS), and the tissues were then 
dehydrated in a graded series of ethanol and dried using a critical point drying apparatus 
(Polaron Instruments Inc.).  The dry samples were mounted on aluminum stubs with carbon 
adhesive paper, sputter coated in gold, and viewed with the SEM (FEI Company).  The cervical 
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epithelium was evaluated for various features, including, but not limited to involutions, tissue 
size, overall appearance of cells, mucus, ECM molecules, and para-cellular spaces. 
 
Hematoxylin and Eosin (H&E) Staining 
 H&E staining was utilized to complement the SEM data, as well as to observe any 
morphological changes happening in the underlying connective tissue of the cervix.  Harvested 
cervices were immersed in a 10% formalin, pH 7.2, aqueous solution.  The tissues were fixed in 
formalin at 4°C for 3-4 days and first transferred into saturated sucrose dissolved in 0.1M PBS, 
for at least 2 days prior to sectioning (12um) with the Cryostat (Leica) at -30oC.  After 
sectioning, the slides were either stained immediately or stored at -20°C until staining.  For 
staining, first, the sections were washed in distilled water, stained with Harris hematoxylin 
solution for 8min, and washed in running tap water for 5min.  Next, slides were placed into 1% 
acid alcohol differentiation solution for 30sec, washed in running tap water for 1.5min, and 
placed in a clarifier solution for 15sec.  Then, the slides were washed in running tap water for 
5min, rinsed in 95% alcohol, before counterstaining with eosin-philoxin solution for 42sec.  
Then, slides were dehydrated in 95% and two changes of 100% alcohol for 5min each, and 
cleared with xylene.  Finally, slides were mounted with xylene based mounting medium, and 
viewed on an inverted microscope (Olympus IX81). 
 
Gene Expression (Real-time PCR) 
 To perform gene expression studies the mRNA was first extracted, reverse transcribed 
into cDNA, and then amplified as described below.  Harvested cervices were snap-frozen.  Then, 
either RNA was extracted immediately or the tissues were stored at -80°C until processing.  
Total RNA was extracted, and its quality and quantity were determined using the Nano drop 
apparatus (Thermo Scientific).  If the RNA was of good quality and quantity, the RNA (1000ng) 
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was first, reverse transcribed using a cocktail containing the following: MgCl2, reverse 
transcriptase, RT buffer, dNTP, RNase inhibitor, RNase-free water, and random hexamers, in 
order to generate an equivalent amount of total cDNA using a thermo cycler (Eppendorf) at the 
following settings: 25°C for 10min, 42°C for 2h, 95°C for 5min, and 4°C for storage, according to 
protocol.  Next, the cDNA was used to amplify specific gene sequences using real-time PCR 
amplification (e.g. HIF-1α, VEGF, Flt-1, KDR, and Gus-β as a normalizer) in order to determine 
the relative expression of these genes throughout postpartum.  We used commercially pre-
designed and optimized real time PCR probes (Applied Biosystems).  The PCR reaction was set 
up in 96 well plate in a volume of 25µL per well, with the following components: 5µL of cDNA, 
12.5µL of 2x Taqman Universal PCR Mastermix, 1.25µL of 20x Assays-on-demand Gene Mix (e.g. 
VEGF), and 6.25µL of RNase-free water.  Finally, DNA amplification was performed using the 
Applied Biosystems Real-Time PCR machine (ABI 7300 HT) with the GeneAmp 7300 HT 
sequence detection system software (Perkin-Elmer Corp.) with the settings as follows: 95°C for 
10min, and then 40 cycles of 95°C for 15sec, and 60°C for 60sec. 
 
Western Blot 
 Western blot analysis was used to confirm relative amounts of the proteins of interest, 
at the tissue level.  Harvested cervices were snap-frozen and stored at -80oC until processing.  
Total protein was extracted and quantified with a BCA assay (Thermo Scientific).  Next, the 
protein samples, along with a set of standard protein ladders (Bio-Rad), were loaded on a 4-
12%Bis-Tris Gel (Invitrogen).  The gel was electrophoresed at 75V until the dye was close to the 
bottom of the gel.  Thereafter, the protein was transferred to a PVDF membrane using the iBlot 
apparatus (Invitrogen), and the membrane was incubated overnight with Blotto (5% 
dehydrated milk in Tris Buffered Saline with Tween) solution at 4°C.  The following day the 
membrane was incubated with the diluted primary antibody (1:1000 dissolved in Blotto; Santa 
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Cruz Biotech, sc-130656, sc-10790, sc-507, sc-316, sc-504), and left to incubate overnight on a 
shaker at a constant room temperature (20°C).  Thereafter, the membrane was washed three 
times in 1X TBST for 20min, after which the membrane was incubated with the secondary 
antibody (1:10,000 in TBST, Santa Cruz Biotech, sc-2313) for 1h at 20°C on a shaker.  First, the 
membrane was washed three times with 1X TBST and one wash with 1X TBS.  Next, horseradish 
peroxidase (HRP) solution was added to the membrane for 5 min, and the excess solution was 
dripped off.  Finally, the membranes were exposed to x-ray film (GE) in a dark room for 
optimum times (~ 30sec – 1min), and the film was developed and analyzed for presence of 
target proteins (HIF-1α, VEGF, Flt-1, KDR, and β-actin as a normalizer).  The densitometry was 
quantified using ImageJ software. 
 
Confocal Immunofluorescence 
 Confocal immunofluorescence was employed to complement Western blot data of the 
proteins of interest (HIF-1α, VEGF, and VEGF receptors) as well as cellular localization in the 
cervix.  Harvested cervices were immersed in a 10% formalin (pH 7.2) aqueous solution.  The 
tissues were fixed in formalin at 4°C for 3-4 days and then transferred into saturated sucrose 
dissolved in 0.1M PBS, for at least 2 days prior to sectioning (12µm) with the Cryostat (Leica) at 
-30°C.  After sectioning, the slides were either stained immediately or stored at -20°C until 
staining.  For staining, the sections were initially incubated with 10% normal goat serum in 
0.1M PBS for 20min at 20°C in order to block non-specific protein binding. Next, the sections 
were washed three times in 0.1M PBS and incubated overnight at 4°C with appropriately 
diluted primary antibodies (5µg/µL; Santa Cruz Biotech; sc-10790, sc-507, sc-316, sc-504).  The 
next day, the sections were washed 3 times with 0.1M PBS Buffer followed immediately by 
incubation in appropriately diluted, according to the manufacturer, fluoro-tagged secondary 
antibody (Santa Cruz Biotech; sc-2784) for 45min at RT.  Thereafter, the sections were washed 
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2 times with 0.1M PBS, stained with Sytox Green for 5min (1:5000 in 0.1M PBS; Invitrogen; 
s7020), washed 1 time with 0.1M PBS, mounted with aqueous mounting medium (Ultracruz 
Mounting Medium, sc-24941; Santa Cruz Biotech), and examined with appropriate filters under 
a confocal microscope (Car Zeiss Inc.). 
 
Quantitative Proteomics 
 Whole protein was extracted from cervical tissue at 0h and 48h postpartum (n= 3) as 
described earlier under Western blot analysis.  The supernatant was then immediately stored at 
-80°C and later transported to the core facility Laboratory of the David Murdock Research 
Institute under dry ice for proteomics analysis. 
Sample Preparation: The samples were assayed using the Thermo Scientific Micro BCA 
Protein Assay kit to determine protein concentration. The samples were diluted to fall within 
the linear working range of the kit (5-200µg/mL), and the concentrations were calculated based 
on absorbance values compared to a BSA standard curve. The samples were filtered using a 3kD 
ultra centrifugal filter to exchange the dissolution solvent with a mass spectrometry friendly 
buffer. The sample (100µL) was diluted to 500µL with 50mM ammonium bicarbonate and 
filtered. The samples were rinsed with 200µL ammonium bicarbonate and filtered. The tubes 
were inverted and centrifuged to collect the sample. 
A volume of each sample corresponding to 35µg of protein (based on the protein 
quantization results) was used. The sample volumes were made equal by adding 50mM 
ammonium bicarbonate (AmBic) to a volume of 29.8µL. A 1% solution of Rapigest was added to 
each sample to denature the proteins, and the mixture was placed in a shaking heated mixer at 
40°C for 10 minutes. Disulfide bonds were reduced by adding 200mM dithiothreitol (DTT) to 
each sample and heating the tubes to 80oC for 15 minutes. Free sulfur atoms were alkylated 
with 400mM Iodoacetamide (IA) by placing the tubes in the dark for 30 minutes at room 
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temperature. A tryptic digest was performed by adding 0.7µg Gold-Mass Spectrometry grade 
Trypsin to each tube and incubating overnight at 37oC. Alcohol dehydrogenase (ADH) digest 
from yeast was added to a final concentration of 50fmol/µg protein. The trypsin reaction was 
stopped, and the Rapigest was degraded with the addition of 10% TFA/20% acetonitrile/70% 
water that was then heated to 60oC for 2 hours. The samples were centrifuged and the 
supernatant pipetted into auto sampler vials.  
A protein standard (BSA) was carried through the reduction/alkylation and digestion 
steps and used as a QC of the sample preparation steps and instrument performance.  LC 
solvents for peptide separation included a) water containing 0.1% formic acid; and b) 
acetonitrile containing 0.1% formic acid.  The study sequence consisted of the study sample 
injections bracketed by a pair of QC injections. Data from all study samples were acquired using 
Data Dependent™ scans (Nth order double play) on the LTQ Orbit rap XL. Database searches 
were performed in Elucidator (Rosetta Bio software) using MASCOT (Matrix Sciences, London, 
UK). Analytical results were also viewed in Scaffold (Proteome Software, Portland, OR). QC and 
study samples were evaluated to confirm data quality. Liquid chromatography total ion current 
(TIC) outputs were assessed for signal quality and changes in signal intensity. Results were also 
monitored for signal trends, such as a consistent increase or decrease in TIC maximum values, 
and MASCOT search results were used to monitor the quality of the MS data. 
 
Statistical Analysis 
 Western blot and real time PCR: Data for Western blot and real time PCR analyses were 
analyzed using Student's t test and ANOVA, followed by Scheffe's F-test for multiple 
comparisons. P-values of < 0.05 were considered to be statistically significant. 
Proteomics: Raw MS data files for the study samples, collected on the Thermo Orbit rap 
XL system, were processed in Elucidator. MS data were grouped in Elucidator based on sample 
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group and aligned. Sample groups were used to assist in data alignment, feature identification, 
and were utilized for QC assessment and group comparisons. Data were processed from 
retention time, 8-90 min.  Thermo Orbit rap data files were searched using the Mascot search 
engine against the SwissProt mouse database (appended with yeast ADH, March 02, 2010). The 
aligned mass features were annotated with these database search results using the results from 
the system Peptide Tellers and a predicted error rate of 1%. MS data were summarized to the 
feature level, normalized, and an error-weighted ANOVA test was performed to compare the 
expression results between sample groups. Candidate differentially expressed markers were 
determined based on a p<0.01. Features were summarized by protein based on the results of 
the database search. 
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Results 
Morphological Changes in the Murine Cervix Postpartum 
 SEM analysis of cervices obtained from mice at 0h, 24h, and 48h postpartum (PP) 
displayed distinct morphological features at the time points (Fig 1).  At 0h, the cervical 
epithelium displayed folds (Fig 1A-B) and micro-folds (Fig 1C-D), as well as less prominent 
epithelial cell borders, compared to both 24 and 48h PP.  A layer of unidentified extracellular 
matrix or cell debris appeared at 24h PP (Fig 1 G-H) and was absent by 48h PP.   At both 24h 
and 48h PP, the presence of “pits” or gaps in the cervical epithelium was observed, and the cell-
cell borders were more pronounced than at 0h (Fig 1F-G, J-K). In order to further characterize 
the morphological changes of the postpartum cervix, we performed hematoxylin and eosin 
(H&E) staining.  H&E stains revealed folded nature of the cervical epithelium at 0h PP (Fig 2A).  
At 24h PP a layer of unidentified cellular debris reported earlier under SEM data was observed 
(Fig 2D), but not seen at 48h PP (Fig 2G), consistent with the SEM findings. 
 
Gene Expression in the Murine Cervix Postpartum 
 VEGF gene expression displayed a 13-fold increase at 0h PP compared to non-pregnant 
animals, with decreased expression at 48h PP relative to 0h PP, but elevated compared to non-
pregnant (Fig 3A). HIF-1α displayed a similar expression pattern, with an 11-fold increase at 0h 
PP compared to a non-pregnant state, followed by a significant decrease in expression by 48h 
PP relative to 0h PP, and only slightly elevated compared to non-pregnant (Fig 3B).  Both Flt-1 
and KDR relative gene expression were elevated at 0h PP, with approximately 17-fold and 9-
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fold increases, respectively, and expression declined significantly at 48h PP to a non-pregnant 
levels (Fig 3C-D). 
 
Western Blot Analysis of Murine Postpartum Cervical Tissue 
 VEGF protein expression was found to be at the highest level at 0h PP, with levels 
decreasing approximately 2 fold by 16h PP, followed by slight decrease for the remaining time 
intervals (Figure 4A).  The VEGFR, Flt-1, was found to be at its highest expression at 8h PP with 
levels decreasing in the remainder of time intervals, save for a slight increase at 24h PP relative 
to 16h PP (Figure 4D).  It should be noted that the fold change from the highest expression, 8h 
PP, to the lowest expression, 48h, was less than half.  In contrast, the other VEGFR, KDR, was 
found to increase steadily during the postpartum time intervals; with levels being lowest at 0h 
and leveling off at 40-48h PP (Figure 4C).  HIF-1α protein expression pattern was similar to 
VEGF, i.e. it was elevated at 0h PP, and lowest at 48h PP (Figure 4B); however, there was an 
increase in expression from 16h to 24h PP, remaining elevated at 32h, and falling off again by 
40h PP (Figure 4B). 
 
Confocal Immunofluorescence Analysis of Murine Postpartum Cervical Tissue 
 The highest levels of VEGF were observed at 0h PP (Fig 5A), with the lowest levels 
occurring at 48h PP (Fig 5G).  The most pronounced expressions were localized on the apical 
side of the epithelium, regardless of time interval.  It is noteworthy that expression of VEGF was 
readily detected in the unidentified layer of cell debris observed at 24h PP (Fig 5D) and 32 h PP 
(Fig 5E).  HIF-1α expression mirrored that of VEGF, i.e. with the highest levels at 0h PP (Fig 6A), 
lowest expression at 48h PP (Fig 6G), with expression preferentially localized at the apical side 
of the cervical epithelium at each time interval.  Also, HIF-1α expression was similar to VEGF in 
that it was also readily expressed in the layer of cell debris at 24h PP (Fig 6D) and 32h PP (Fig 
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6E).  The VEGF receptors, Flt-1 and KDR, demonstrate different patterns of expression 
postpartum.  Flt-1 expression mirrored that of VEGF and HIF-1α with expression clearly highest 
at 0h PP (Fig 7A), lowest at 48h PP (Fig 7G), with expression localizing to the apical side of the 
epithelium and in the cell debris layer at both 24h PP (Fig 7D) and 32h PP (Fig 7E).  Whereas, 
KDR expression seemed to be highest during the latter hours of postpartum (Fig 8D-F), but KDR 
was similar, with the strongest expression seen on the apical side of the epithelium, and was 
readily detected in the cell debris layer (Fig 8D-E). 
 
Proteomics Analysis of Postpartum Murine Cervical Tissue 
 Proteomics analysis revealed several groups of proteins that were found to have 
significant changes between 0h and 48h PP (Fig 9).  These proteins can be divided into 4 
groups: 1) intermediate filaments (Fig 10), 2) actin-binding proteins (Fig 11), 3) immune-
related proteins (Fig 12), and 4) hypoxia induced proteins (Fig 13). 
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Discussion 
 Of the four phases of cervical remodeling, postpartum repair is the least studied and to 
date, there is no study that has focused exclusively on this fourth and final phase of cervical 
remodeling.  The present study is the first to do so and uses a variety of techniques to examine 
the morphological and molecular changes in the mouse cervix during the first 48h postpartum. 
The key findings presented here are: 1) Epithelial folds and cervical size are diminished during 
postpartum repair, 2) HIF-1α, VEGF, and Flt-1 expression are pronounced early in postpartum 
cervical repair, 3) KDR gene and protein expressions are variable, 4) Proteomics revealed 
variable expression of several intermediate filaments, cytoskeletal modulators, and proteins 
with immune- and/or wound healing properties. 
 
Postpartum Morphology of the Cervix 
 The current SEM data shows the presence of cervical epithelial folds at 0h postpartum. 
These findings are consistent with our most recent work that utilized SEM and 
bromodeoxyuridine (BrdU) showing cervical epithelial proliferation leading up to parturition, 
as well as in non-pregnant ovariectomized mice that were treated with exogenous VEGF [14, 
15].  Of interest, cervical tissue, as seen at low (50x) magnification, is clearly greater in size at 
0h compared to 48h postpartum, which again, is consistent with cell proliferation leading up to 
parturition and postpartum recovery back to a non-pregnant state.  The exact identity of the 
substance, appearing at 24h, covering the epithelial cells is unclear.  It is possible that it could 
be derived from ECM, cervical mucus, or cellular debris.  These observations and suggestions 
are consistent with previous reports that suggest postpartum repair may involve both clearance 
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and synthesis of ECM molecules [1], which may explain why in the present study, it (substance) 
was only seen at 24h postpartum but not at 0h and 48h postpartum.  Through H&E, we were 
able to see changes within the cervical epithelium, mucosa, other intracellular structures, as 
well as the ECM.  H&E also confirmed both the folded, convoluted nature of the cervical 
epithelium at 0h postpartum, as well as the covering substance at 24 h postpartum, revealed by 
SEM.  The presence of cellular nuclei in the covering substance suggests that it could be cellular 
debris; however, it is also possible that there could be ECM molecules and/or cervical mucus in 
the covering substance. 
 
Gene and Protein Expression Profiles of HIF-1α, VEGF, KDR, and Flt-1 
 We have previously characterized the expression profile of HIF-1α [in press] as well as 
VEGF and its receptors, KDR and Flt-1 [14, 15, 19] in pre-partum and 2 days postpartum.  Here, 
we sought to determine their chronological expression profile postpartum at different time 
points between parturition and 48h postpartum in order to determine whether they have a 
temporal relationship with and, ultimately, have a role in postpartum cervical repair.  Of 
interest, levels of HIF-1α, VEGF, and Flt-1 (gene and protein) were found to be elevated early 
postpartum and decreased to their lowest levels by 48h postpartum, a pattern that was similar 
to the genome-wide expression pattern of proteins associated with pro-inflammatory and 
wound healing revealed in our current proteomics analysis (see Quantitative Proteomics).  
Due to the fact that HIF-1α is ultra-sensitive to changes in intracellular oxygen 
concentration, and is rapidly degraded under normoxic conditions [25] but activated and 
stabilized under hypoxic conditions [24, 25],  HIF-1α’s local tissue concentrations can be used 
to indirectly measure the local oxygen concentrations. Thus, elevated gene and protein 
expression of HIF-1α observed at 0h postpartum in the cervix in the present study suggests 
presence of a hypoxic state.  Under such conditions (hypoxic), HIF-1α overall induces 
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transcription of a range of genes that promote angiogenesis and cell survival, notably VEGF, but 
also including metabolic enzymes, cytokines, growth factors, cytoskeletal proteins, and ECM 
molecules [24, 25].  Indeed, HIF-1α is the most potent inducer of VEGF [24], the key angiogenic 
molecule that is also known to be intricately linked to inflammation in a variety of tissue types, 
including the cervix [9, 14] and wound healing in general [13, 20-23].   
Postpartum repair is characterized as a general inflammatory, wound healing process 
[1].  Specifically, there is a notable influx of tissue monocytes in the cervix shortly before birth 
as well as increased neutrophils postpartum [8].  These monocytes are subsequently activated 
and differentiate into M1 and M2 macrophages [1, 8]; however, the exact mechanisms that 
underlie the influx and activation of these immune cells during this process are unclear.  It is 
possible that the local VEGF and HIF-1α surge reported here, and immediately prior to term 
[19], could be responsible for both the immune cell influx and activation for the following 
reasons: a) after injury the hypoxia-induced VEGF secretion establishes a gradient that mirrors 
the hypoxic gradient [22], and VEGF receptor-expression immune cells, including macrophages 
and neutrophils, respond chemotactically to VEGF, thus migrating to the injury/hypoxic site 
[13, 20, 23]; b) under hypoxic conditions, HIF-1α stimulates macrophages to secrete M1 pro-
inflammatory cytokines [26]; and c) these recruited immune cells will secrete more VEGF and 
pro-inflammatory factors, as well as promote wound healing, angiogenesis, and VEGF 
production in keratinocytes and fibroblasts [20, 23], cells that are known to play a critical role 
in wound healing.  Further studies are required to confirm this speculation and to shed more 
light on the alternate activation of the M2 phenotype. 
While the pattern of HIF-1α, VEGF, and Flt-1 gene/protein expressions were in 
agreement, it is not so with KDR gene and protein expression.  Real-time PCR demonstrated a 
decrease in mRNA expression of KDR between 0- and 48h postpartum; however, levels of KDR 
protein steadily increase, peaking between 40- and 48h postpartum, as revealed by both 
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western blot and confocal immunohistochemistry.  It is likely that the turnover of KDR 
transcript is higher (more unstable) than protein.  KDR is known to mediate most of VEGF’s 
biological effects, including mitogenic, angiogenic, and cell survival properties [27], whereas, 
although Flt-1 does have a higher affinity for VEGF, it has weak tyrosine phosphorylation 
activity compared to KDR [28], and is of less functional significance.  Further, the Flt-1 
transcript can undergo alternative splicing that generates a soluble Flt-1 that acts to suppress 
the effects of VEGF [16, 28].  Flt-1 is also known to play a role in cell migration [28], and in 
certain cells that express Flt-1, such as blood platelets, macrophages, and neutrophils, it (Flt-1) 
mediates their chemotactic response to VEGF during wound healing [13, 23].  Based on these 
facts and taking into account their (VEGF receptors) differences in biochemical properties, it is 
likely that Flt-1 mediates VEGF processes associated with early hours of postpartum cervical 
repair, such as immune-related and wound healing functions, while KDR mediates the latter 
part of postpartum repair and VEGF, perhaps functions such as cell survival and angiogenesis.  
Collectively, these processes restore the cervix back to its non-pregnant state.  Future functional 
studies are needed to test these speculations. 
 
Quantitative Proteomics 
 Here, we identify over 150 proteins that were variably expressed, of which 
approximately 14 had a statistically significant change between 0- and 48h postpartum.  
Through an extensive literature search, these 14 proteins were placed into one or more of the 
following categories: a) intermediate filaments, b) actin binding proteins, c) hypoxia-induced 
proteins, and d) proteins involved in immune-modulation and/or wound healing. 
The four intermediate filaments identified in the present study are keratins (type II 18 
and type I 8), desmin, and vimentin; overall their expressions were elevated at 0hrs PP but 
dropped at 48hrs PP.  Overall, intermediate filaments are among the three major cytoskeletal 
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systems in eukaryotic cells, which are known to supply cellular strength and integrity by acting 
as intracellular scaffolds [29].  The two keratins (type II 18 & type I 8) are paired together [30] 
and are the major keratins found in epithelium [31].  Desmin is associated with sarcomeres, 
nucleus, and mitochondria of all muscle types [32] and is known to maintain cell integrity 
during contractions, while helping force transmission and longitudinal load bearing [32, 33].  
Generally, vimentin is accepted as the cytoskeletal element that maintains cell integrity [34] and 
offers resilience to cells undergoing high mechanical strain [35]; however, while the adult 
phenotypes in mice lacking keratin are obvious and severe, e.g. sever skin fragility [36], it is not 
so with vimentin.  For instance, and of relevance to the current study, vimentin deficiency 
impairs wound healing both in vitro and in vivo by diminishing the mobility of fibroblasts and 
their ability to induce collagen contraction, which is essential in wound healing [37, 38].  
Generally, wound healing in adulthood is characterized by an inflammatory response and by 
differentiation of the fibroblasts into a specialized contractile cell, the myofibroblast [39, 40].  It 
is feasible to speculate that the increased vimentin and desmin early in postpartum repair is 
necessary for the connective-tissue component of cervical repair, while keratin may play a 
similar role in the epithelial tissue [38]. 
Any cellular process involving movement, such as proliferation, migration, and 
morphological changes requires continuous and rapid reorganization (assembly, disassembly) 
of actin filaments [41].  Such processes (actin filament assembly, disassembly, and/or 
organization) are dependent on the presence of actin binding proteins.  Here, we detected four 
actin binding proteins, whose expressions were elevated at 0h postpartum, but decreased by 
48h postpartum.  They include cytoplasmic gelsolin, filamin-A, the D isoform of plectin-1, and 
transgelin.   
Gelsolin is a key regulator of actin filament disassembly, in a calcium dependent 
manner, and also promotes actin polymerization and reorganization by severing then 
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uncapping actin filaments [42].  Although mice lacking gelsolin are viable and fertile, they have 
deficiencies in the organization of actin-based domains in osteoclasts and in the migratory 
capacity of neutrophils and macrophages during inflammation and wound healing [43].  Also 
gelsolin deficiencies have been clinically associated with a variety of impairments in 
inflammation, cell invasion, immune cell recruitment, and wound healing [42-45].  
Filamins are responsible for crosslinking actin filaments, anchoring trans-membrane 
proteins, and scaffolding proteins [46], whereas, Plectin is a very large protein found in nearly 
all mammalian cells that serves to link all three major components of the cytoskeleton to 
cellular junctions [47].  By holding the cytoskeleton together, plectin helps maintain cell 
integrity and elasticity [47].  Collectively, in the context of postpartum cervical repair, these 
actin-binding proteins could regulate a variety of locomotion-dependent processes, notably 
wound healing and immune responses.  Further studies are needed to define their specific roles 
in the context of cervical repair.  
Hypoxia is known to be involved in various physiological and/or pathological 
responses, but it may also play a role in parturition.  For instance, in the high altitude mountain 
range of the Andes, expectant mothers will induce childbirth at term by climbing to high 
elevations with a lower oxygen environment or hypoxia.  Similarly, it is likely that hypoxia could 
account for the increased risk of preterm labor associated with smoking.   Interestingly, the 
current proteomics approach revealed two hypoxia-induced proteins, transgelin and vimentin, 
that were highly expressed at 0h postpartum.  Transgelin is an actin-crosslinking protein 
known to be expressed in fibroblasts and smooth muscle [48, 49] and is strongly expressed in 
both the uterus and the cervix.  Recent studies by Kim et al. (2012) demonstrated that 
transgelin is up regulated by hypoxia, independent of HIF-1α, and that it (transgelin) also 
activates the insulin-like growth factor receptor 1 [IGFR1] signaling pathway under hypoxic 
stress.  The IGFR1 pathway has recently been shown to promote cell survival under hypoxic 
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stress [49, 50] by up regulation of HIF-1α gene transcription [50] and stabilization of HIF-1α 
protein [51].  This up regulation and stabilization of HIF-1α by the IGFR1 axis has been shown 
to induce VEGF expression during embryonic vasculogenesis [51] and angiogenesis in 
malignant tumor cells under hypoxic stress [50].  Whether transgelin acts upstream of HIF-1α 
and VEGF in postpartum cervical repair is, for now, speculative.  The exact and diverse roles of 
trangelin during postpartum cervical repair require further inquiry.  Like transgelin, vimentin 
has also been associated with hypoxia.  For instance, it has been shown to redistribute among 
the endothelial cell into stable structures in response to hypoxia [52], is involved in general 
wound healing [53], and is known to play a role in migrating cells including fibroblasts, 
macrophages, endothelial cells, and invasive cancer cells [52-55].  Future studies are needed to 
examine the roles of these hypoxia-induced proteins in the postpartum phase of CR. 
Postpartum repair has been previously characterized as a proinflammatory and wound 
healing process [3, 6, 7].  Our current proteomics data of postpartum cervical tissue are 
consistent with the earlier studies.  Here, we identified several proteins that have known 
immune-related functions, notably glutamine gamma-glutamyltranferase 2 (often referred to as 
transglutaminase 2), gelsolin, lymphocyte antigen 6D, macrophage migration inhibitory factor 
[MIF], annexin A1, and phospholipase 2.  Transglutaminases are ubiquitous enzymes that are 
important in posttranslational modification of proteins [56] that participate in coagulation and 
wound healing responses [57, 58].  Transglutaminase 2, is known to be an enzyme that is 
important in remodeling of the ECM [56] and, in this study, was found to be highly expressed at 
0h postpartum followed by a decrease in expression at 48h postpartum.  It is feasible that it 
may regulate cervical hemorrhage during parturition in addition to the extensive ECM 
remodeling that takes place after parturition [1, 3, 7].  The role of gelsolin in inflammation, 
immune responses, and wound healing has been discussed previously [42-45] and is consistent 
with previous studies that report increases in various immune cell populations just after birth 
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[8].  The other protein of interest detected at high levels at 0h postpartum compared to 48h 
postpartum was lymphocyte antigen 6D [LY6D].  LY6D is a marker found on mature B cells and 
specific populations of dendritic cells [59] and is implicated in DNA damage control [60], 
implying an increase in either dendritic or B cells postpartum; however, such cell types have 
not yet been reported postpartum.   
The next protein involved in the immune response is macrophage migration inhibitory 
factor [MIF].  It was one of the earliest cytokines discovered in the 1960’s.  MIF is a pro-
inflammatory cytokine involved in the innate immune response [61, 62] and was first 
characterized as playing a large role in delayed hypersensitivity reactions [63].  These reactions 
involve interactions between T cells and macrophages rather than antibodies, and MIF is an 
important cytokine, modulating the T cell responses [64] and T cell-macrophage interactions 
[65].  MIF is also known to be secreted by the pituitary [65], and further studies are needed to 
examine if parturition could be sufficient to induce pituitary MIF.  With MIF being elevated at 
48h postpartum, we speculate that a delayed hypersensitivity reaction could be taking place in 
the postpartum cervix, providing further support of the protection from microbial invasion 
explanation of the pro-inflammatory factors after birth.  
One of the key changes happening during the postpartum phase of CR is the conversion 
of monocytes to activated macrophages (M1, classical proinflammatory, and M2, alternative 
anti-inflammatory) [1, 8].  The pro-inflammatory M1 and neutrophils would serve to aid with 
the clearance of ECM molecules [1] while protecting the birth canal from foreign invaders [7, 8]; 
whereas the anti-inflammatory effects could serve to keep the pro-inflammatory effects in 
balance [1], which if left unchecked could potential cause damage to the birth canal, putting 
subsequent pregnancies in jeopardy.  In this study, we have identified a few potential players in 
the delicate balance of pro- and anti-inflammatory effects.   
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Lastly, two proteins associated with immune responses, annexin A1 and phospholipase 
A2, were elevated at 48h postpartum compared to 0h postpartum.  These two proteins have 
contradictory effects.  Phospholipase A2 is a calcium dependent enzyme that hydrolyzes 
glyercophospholipids into free intracellular arachidonic acid [66], the precursor for eicosanoids 
[67] including prostaglandins and leukotrienes, and, as such, is involved in inflammation and 
host defense [66].  In contrast, annexin A1, also known as lipocortin, is a calcium dependent 
phospholipid binding protein that will inhibit phospholipase A2 [68] as well as mediating VEGF-
induced angiogenesis [69].  Glucocorticoids stimulate production of annexin A1 [68] and 
activation of M2 anti-inflammatory macrophages [70].  It is interesting that both of these are 
elevated simultaneously, i.e. at 48h postpartum, even though they have apparent contradictory 
effects.  This pattern, however, supports earlier suggestions that there is a check and balance in 
play between pro- and anti-inflammatory factors in the postpartum repair of the cervix.  From 
all the data gathered in the present study, along with what has already been characterized 
previously with regards to postpartum cervical repair, we propose a working model (Fig 14). 
 In summary, our data support the current thinking in the field of cervical remodeling, 
that postpartum repair involves a combination of pro- and anti-inflammatory actions.  We also 
provide the first expression profile of VEGF, its receptors (Flt-1 & KDR), and HIF-1α and link 
their pattern of expression to hypoxia-related proteins revealed by proteomics.  Future studies 
will assess the suitability of some of the key proteins identified in this study as potential 
markers for determining the phase of postpartum cervical repair. 
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Figures 
 
Figure 1: Scanning electron microscopy (SEM) of postpartum murine cervical tissue. 
Under low magnification (50X) decrease in size was obvious from 0h to 48h postpartum (PP).  
Cervical epithelial folds, as well as diminished cell-cell borders were prominent at 0h PP at 
higher magnifications (500X-5,000X).  An unidentified “covering” was observed at 24h PP 
(2000X-5000X), but was absent at both 0h and 48h PP. 
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Figure 2: H&E staining of postpartum murine cervical tissue.  During the hours after 
parturition (0h postpartum (PP)) the cervical tissue appeared edematous the first 24h PP but 
disappeared thereafter. At 24 and 32h PP a layer of unidentified cellular debris (indicated by 
arrows) was observed.  E denotes cervical epithelium, L denotes cervical lumen.  All images 
were taken at 20X. 
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Figure 3: Real-time PCR analysis of select genes in the postpartum murine cervix.  All 
genes of interest were found to be highly expressed at 0h PP, decreasing significantly by 48h PP 
for B) HIF-1α (p value 0.02), C) KDR (p value 0.008), and D) Flt-1 (p value 0.04) relative to 0h.  
A) VEGF expression decreased at 48h PP but was not found to be significant and is several fold 
above the control, non-pregnant animals. 
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Figure 4: Western blot analysis of select proteins in the postpartum murine cervix.  A) 
VEGF protein expression relative to βactin, (*) shows statistical significance between 0h and 
48h PP (p value = 4.56 x 10-8); B) HIF-1α protein expression relative to βactin, (*) shows 
statistical significance between 0h and 48h PP (p value = 3.08 x 10-8); C) KDR protein 
expression relative to βactin, (*) shows statistical significance between 0h and 48h PP (p value 
= 0.0005); and D) Flt-1 protein expression relative to βactin, (*) shows statistical significance 
between 0h and 48h PP (p value = 0.008). 
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Figure 5: VEGF expression in the postpartum murine cervix as revealed by confocal 
immunofluorescence.  VEGF stained with Texas red antibodies, nuclei stained with Sytox 
green, and any overlap between the two is seen as yellow. E denotes the epithelium and L 
denotes the lumen. 
  
  32 
 
 
Figure 6: HIF-1α expression in the postpartum murine cervix as revealed by confocal 
immunofluorescence.  HIF-1α stained with Texas red antibodies, nuclei stained with Sytox 
green, and any overlap between the two is seen as yellow. E denotes the epithelium and L 
denotes the lumen. 
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Figure 7: Flt-1 expression in the postpartum murine cervix as revealed by confocal 
immunofluorescence.  Flt-1 stained with Texas red antibodies, nuclei stained with Sytox 
green, and any overlap between the two is seen as yellow. E denotes the epithelium and L 
denotes the lumen. 
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Figure 8: KDR expression in the postpartum murine cervix as revealed by confocal 
immunofluorescence.  KDR stained with Texas red antibodies, nuclei stained with Sytox green, 
and any overlap between the two is seen as yellow. E denotes the epithelium and L denotes the 
lumen. 
  
  35 
 
 
Figure 9: Quantitative proteomics analysis of protein expression in the postpartum 
murine cervix.  Over 150 proteins were identified, with a small subset demonstrating 
statistically significant changes postpartum.  Red indicates higher intensity, and green indicates 
lower intensity. 
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Figure 10: Quantitative proteomics expression analysis of intermediate filament proteins 
in the postpartum murine cervix.  Four intermediate filaments: keratin type II 18, keratin 
type I 8, vimentin, and desmin were identified to have variable expression in the cervix 
postpartum, and a clear expression pattern was visible: elevated at 0h PP and decreased at 48h 
PP. 
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Figure 11: Quantitative proteomics expression analysis of actin-binding proteins in the 
postpartum murine cervix.  Three actin-binding proteins: gelsolin, plectin-1, and filamin-A 
were identified to have variable expression in the postpartum cervix, and an expression pattern 
was apparent: elevated at 0h PP and decreased at 48h PP. 
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Figure 12: Quantitative proteomics expression analysis of proteins that are involved in 
immune-modulation and wound healing in the postpartum murine cervix.  Six proteins 
that are known to have immune-related or wound healing functions were found to have 
variable expression in the postpartum cervix, and the expression pattern is variable: some 
elevated at 0h others 48h PP. 
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Figure 13: Quantitative proteomics expression analysis of proteins regulated by hypoxia 
in the postpartum murine cervix.  Two hypoxia induced proteins: transgelin and vimentin 
were identified to have variable expression in the postpartum cervix, and an expression pattern 
is apparent: elevated at 0h PP and decreased at 48h PP. 
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Figure 14: Proposed working model of postpartum repair cervical repair in the mouse. 
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